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The anaphase-promoting complex/cyclosome (APC/
C) is a cell-cycle-regulated essential E3 ubiquitin
ligase; however, very little is known about its meiotic
regulation. Here we show that fission yeast Mes1 is
a substrate of the APC/C as well as an inhibitor,
allowing autoregulation of the APC/C in meiosis.
Both traits require a functional destruction box (D
box) and KEN box. We show that Mes1 directly binds
theWD40 domain of the Fizzy family of APC/C activa-
tors. Intriguingly, expression of nonubiquitylatable
Mes1 blocks cells in metaphase I with high levels of
APC/C substrates, suggesting that ubiquitylation of
Mes1 is required for partial degradation of cyclin B
in meiosis I by alleviating Mes1 inhibitory function.
Consistently, a ternary complex, APC/C-Fizzy/
Cdc20-Mes1, is stabilized by inhibiting Mes1 ubiqui-
tylation. These results demonstrate that the fine-
tuning of the APC/C activity, by a substrate that is
also an inhibitor, is required for the precise coordina-
tion and transition through meiosis.
INTRODUCTION
Ubiquitin-mediated proteolysis is a fundamental mechanism for
protein turnover, cell-cycle control, and signal transduction.
Ubiquitylation occurs through the sequential action of three
enzymes, E1, E2, and E3, by which ubiquitin molecules are cova-
lently attached to the target substrates, therebymarking them for
proteolysis. The E3 ubiquitin ligases play a role in the final step of
ubiquitin transfer as well as substrate recognition.
One of the major cell-cycle E3 ubiquitin ligases is the ana-
phase-promoting complex/cyclosome (APC/C) (Morgan, 2007;
Peters, 2006; Thornton and Toczyski, 2006). The APC/C is a large
(1.5 MDa) and multisubunit ubiquitin ligase that controls two key
events in mitosis: sister chromatid separation and the inactiva-
tion of Cdks (cyclin-dependent kinases) via ubiquitylation of
securin/Cut2/Pds1 and mitotic cyclins, respectively. The activity
of the APC/C has been shown to be highly regulated on different
levels. Several subunits of the APC/C are known to be phosphor-446 Developmental Cell 14, 446–454, March 2008 ª2008 Elsevier Inylated during mitosis by Cdks as well as polo-like kinase (Kraft
et al., 2003; Rudner and Murray, 2000; Shteinberg et al., 1999).
In addition to phosphorylation, the activity of the APC/C is
controlled by the recruitment of the Fizzy family of activators
comprising two related WD40 repeat proteins, Fizzy/Cdc20
and Fizzy-related/Cdh1 (Morgan, 2007). Furthermore, to prevent
premature activation of the APC/C, several inhibitors are also
present, such as Emi1/Rca1, Emi2/XErp1, or RASSF1A (Dong
et al., 1997; Reimann et al., 2001; Schmidt et al., 2005; Song
et al., 2004), as well as the spindle assembly checkpoint (SAC),
which are activated by either a lack of tension or a lack ofmicrotu-
bule occupancy at kinetochores. This checkpoint inhibits APC/C
activationuntil all the chromosomesareattached inabipolarman-
ner (Musacchio and Hardwick, 2002; Yu, 2002).
The APC/C is essential not only inmitosis but in meiosis, which
allows diploid germ cells to give rise to haploid gametes. How-
ever, the meiotic regulation differs from the mitotic one in several
aspects, because meiosis comprises a single round of DNA
replication followed by two consecutive rounds of chromosome
segregation (called meiosis I and meiosis II) without an interven-
ing DNA replication (Morgan, 2007; Petronczki et al., 2003). In
mitosis, proteolysis of cyclin B (inactivation of Cdk) ensures
mitotic exit and subsequent DNA replication; however, in meio-
sis, complete proteolysis of cyclin B in meiosis I would lead to
an exit into interphase instead of direct entry into meiosis II
(Iwabuchi et al., 2000). Therefore, APC/C regulation in meiosis
is more complex than that in mitosis. In several organisms, mei-
osis-specific activators of the APC/C have been identified along-
side mitotic ones. Moreover, in budding yeast, a stoichiometric
subunit of APC/C, Apc15/Mnd2, was recently shown to exclu-
sively inhibit the activity of the APC/C that is associated with
a meiotic-specific activator, Ama1, to prevent precocious loss
of securin (Oelschlaegel et al., 2005; Penkner et al., 2005).
How the activities of the APC/C in meiosis are precisely con-
trolled with different activators and inhibitors is not understood.
We have previously shown that fission yeast Mes1 blocks
cyclin B/Cdc13 proteolysis in meiosis I (MI) to ensure that suffi-
cient levels of cyclin B remain to initiate meiosis II (MII) (Izawa
et al., 2005). However, the molecular basis behind this inhibitory
function and/or how Mes1 is regulated during meiosis remain
elusive. In this study, we find that Mes1 is not simply an APC/C
inhibitor but also an APC/C substrate. We show the molecular
mechanism through which Mes1 and the APC/C inhibit eachc.
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Mutual Inhibition between APC/C and Mes1Figure 1. Mes1 Is an APC/C Substrate
(A) A schematic diagram showing that Mes1 has both a KEN box and a D box in its N terminus. The regions that were mutated are indicated by filled (black) boxes
in KM, DM, and DK.
(B) Mes1 is destroyed in a cell-free destruction assay in reconstituted Xenopus egg extracts in a D-box/KEN-box-dependent manner. As substrates, 35S-labeled
in vitro-translated Mes1WT, DM, KM, and DK were used alongside Cdc13 (destructible control) and a version of Cdc13 lacking the N-terminal 67 residues (D67,
stable control). CaCl2 was added to initiate proteolysis.
(C) Same as (B), but mock-, APC/C- or Fizzy/Cdc20-depleted egg extracts were used for the destruction assay.
(D) A cell-free ubiquitylation assay was reconstituted. 35S-labeled substrates were incubated with ubiquitylation factors in the presence (+APC/C) or absence
(APC/C) of purified APC/C for the indicated time period.
(E) Mes1 is ubiquitylated in vivo. Myc-tagged wild-type or mutantmes1 and His6-ubiquitin were coexpressed using pREP41 and pREP2 nmt1 promoter, respec-
tively, in ts mts2-1 andmts2-1 cut9-665mutants at permissive temperature prior to shifting to restrictive temperature (36C) for 4.5 hr. Ubiquitylated proteins were
isolated using Ni-NTA beads followed by immunoblotting with anti-myc antibody. Whole-cell extracts (WCE) were also analyzed by immunoblotting with the
indicated antibodies.other to control the metaphase-anaphase transition in MI. In
addition, our results suggest an initial role of ubiquitylation to
dissociate the Mes1 inhibitory complex.
RESULTS
Identification of an APC/C Substrate, Mes1
To uncover potential roles of the APC/C, we searched for new
APC/C substrates. To this end, we used a sequence-based
search, ‘‘KEN box search,’’ which searched for KENxP or
KENxxP (x: any residues) in the S. pombe genome. Mes1 was
isolated as one of 49 hits in this initial screening. Inspection of
the Mes1 sequence revealed not only a KEN box (residues
7–9) but also a classical D box (residues 34–42) as possible
APC/C-recognition motifs (Figure 1A). To investigate whether it
is a real APC/C substrate, we used an in vitro destruction assay
reconstituted in Xenopus egg extracts (Yamano et al., 1996).DeMes1 was destroyed in egg extracts (Figure 1B). To examine
the impact of each recognition motif upon its destruction, we
created several versions ofMes1 with either a KEN-boxmutation
(KM), a D-box mutation (DM), or both mutations (DK) (Figure 1A)
and observed their destruction. When either the KEN box or
D box was intact, Mes1 was destroyed in a Ca2+-dependent
manner, whereas the double box mutant, DK, was completely
stable (Figure 1B). Notably, wild-type Mes1, like cyclin A and
Nek2A (Geley et al., 2001; Hayes et al., 2006), was unstable
even in the absence of Ca2+ (Figure S1, see the Supplemental
Data available with this article online). This inherent instability
was abolished by mutating either KEN- or D-box destruction
motif. We next investigated whether Mes1 proteolysis was
dependent on the APC/C or its activator protein, Fizzy/Cdc20,
in egg extracts. We therefore prepared mock-, APC/C- or
Fizzy-depleted extracts which were subsequently used for in
vitro destruction assays. We were able to deplete more thanvelopmental Cell 14, 446–454, March 2008 ª2008 Elsevier Inc. 447
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Mutual Inhibition between APC/C and Mes195% of APC/C or Fizzy/Cdc20 from egg extracts using specific
anti-APC3 or Fizzy/Cdc20 antibodies, respectively (Figure S2).
Mes1 was destroyed in the mock-treated extracts as well as
Cdc13, whereas neither Mes1 nor Cdc13 was destroyed in the
APC-depleted or Fizzy-depleted extracts (Figure 1C). We also
investigated the ubiquitylation profiles using an in vitro ubiquity-
lation assay (Yamano et al., 1998). Consistent with the destruc-
tion assay, Mes1 with either intact D box or KEN box was
ubiquitylated, although the patterns of ubiquitylated bands
were slightly different from those of wild-type (WT, Figure 1D).
In contrast, when both boxes were mutated (DK), Mes1 failed
to be polyubiquitylated. Ubiquitylation of Mes1 was dependent
upon the APC/C since no ubiquitylation was detected if the
APC/C was excluded from the reactions (Figure 1D). Further-
more, we examined whether Mes1 was ubiquitylated in vivo.
Myc-tagged wild-type or mutant Mes1 and His6-tagged ubiqui-
tin were coexpressed in fission yeast cells in which ubiquitylated
proteins were stabilized by a conditional mutation in the S4
(mts2) subunit of the 26S proteasome, and the ubiquitylated
proteins were isolated under denaturing condition using
Ni-NTA beads and analyzed. Ubiquitylated Mes1 bands were
observed in the mitotically arrested mts2-1 mutant cells,
whereas such bands were dramatically reduced for the Mes1
DK protein or evenMes1WTprotein when an apc6/cut9mutation
was combined with the mts2-1 mutation (Figure 1E). Taken
together, we conclude that Mes1 is a genuine APC/C substrate.
The Fizzy Family of Proteins Directly Recognize Mes1
Substrate recognition is a key issue in understanding how the
APC/C ubiquitylates its substrates (Morgan, 2007; Peters,
2006; Thornton and Toczyski, 2006; Yamano et al., 1998,
2004), although there is still no conclusive model for substrate
recognition and capture. To identify D-box and KEN-box recep-
tors of Mes1, we undertook a site-specific photocrosslinking
approach using the photoactivatable amino acid, para-benzoyl
phenylalanine (pBpa, Figure 2A, upper panel; Chin et al., 2002;
Farrell et al., 2005). This approach exploits the fact that when
pBpa is irradiated, it will form a covalent bond with adjacent
residues within a range of approximately 3 A˚, thus forming
permanent bonds between interacting proteins. pBpa was
placed at two different sites on Mes1: tyrosine 26 (Y26Bpa) or
phenylalanine 66 (F66Bpa). His-GST-tagged pBpa-incorporated
Mes1 proteins were incubated in Xenopus egg extracts, and
crosslinking reactions were initiated by UV irradiation. Cross-
linked molecules were isolated by Ni-NTA beads under dena-
turing conditions and analyzed. We initially took unbiased
approaches to look for any crosslinked proteins in egg extracts.
Although several crosslinked bands could be observed by anti-
GST antibodies, none of them was D box/KEN box dependent
(data not shown); thus we didn’t analyze these interactions
further. In contrast, as shown in Figure 2A, Mes1-crosslinked
Fizzy/Cdc20 was detected only when Y26Bpa, but not F66Bpa
or WT (Bpa), was used, and the quantity of the crosslinked
product increased with the length of irradiation. More impor-
tantly, this interaction was dependent upon the D box/KEN
box (Figure 2B). There were undetectable levels of DM-cross-
linked Fizzy/Cdc20, whereas the levels of KM-crosslinked
Fizzy/Cdc20 were partly reduced, suggesting that the D box is
more important than the KEN box for the Mes1 binding to448 Developmental Cell 14, 446–454, March 2008 ª2008 Elsevier InFizzy/Cdc20. We also asked if Mes1 interacted with Fizzy/
Cdc20 independently of the APC/C. Even when using extracts
where most of the APC/C was depleted, Mes1Y26Bpa (WT)
was still able to crosslink to Fizzy/Cdc20 efficiently (Figure S3).
These results have also been confirmed using a coimmunopreci-
pitation assay in egg extracts in which APC/C or Fizzy was
predepleted (Figure 2C). Mes1 is only coimmunoprecipitated
with Fizzy/Cdc20, but not with APC/C, in a D-box/KEN-box-
dependent manner (see lanes 8, 9, 14 and 15). In agreement
with this, the binding is dependent upon endogenous levels of
Fizzy/Cdc20, but not APC/C (lanes 14–19). Therefore, our data
indicate that Fizzy/Cdc20, not APC/C, recognizes the D box/
KEN box of Mes1 in Xenopus egg extracts.
Using this site-specific crosslinking approach, we further
investigated the interacting domain in Fizzy/Cdc20. We made
both the N-terminal and C-terminal fragments as well as mutants
of the C box and IR motif, which have been shown to be required
for APC/C activation (Schwab et al., 2001; Vodermaier et al.,
2003; Yu, 2007), and asked whether Mes1 was still able to
establish crosslinks with those mutant constructs. All constructs
tested with the exception of the N-terminal 159 residues (N159)
crosslinked to Mes1 in a D-box- and a KEN-box-dependent
manner, implying that the C-terminal WD40 domain of Fizzy/
Cdc20 is important for binding to Mes1 (Figure S4). To confirm
this prediction, we made several constructs in which one of the
seven WD40 sequences was mutated as well as one that con-
sisted of the WD40 repeat alone (WD-only), and we tested their
ability to interact with Mes1 as described above. As shown in
Figure 2D, Mes1 was still able to crosslink to the WD-only con-
struct, whereas any mutations in the WD40 repeat domain abol-
ished this binding. As expected, no interaction was observed if
DK-Mes1Y26Bpa was used. We therefore conclude that the
D box and KEN box of Mes1 directly bind the WD40 repeat
domain of Fizzy/Cdc20 (Figure 2E). In support of this idea, we
have observed that Mes1 could crosslink to the Fizzy family of
APC/C activators from yeast to human (data not shown). We
have also found that both the D box and the KEN box of Mes1
contribute to efficient binding to the APC/C activators, Slp1
and Mfr1, in S. pombe cells (Figure S5).
Mes1’s Inhibitory Function Is Dependent
on Its D Box and KEN Box
We next investigated how a true APC/C substrate works as an
inhibitor. In our previous paper, we suggested that Mes1 could
inhibit APC/C by competing with other substrate proteins (Izawa
et al., 2005); therefore, it was of interest to compare the inhibitory
ability of Mes1 with that of other known APC/C substrates. To
this end, the same concentrations of Mes1 or other APC/C
substrates such as Cdc13 and Cut2 were added to Xenopus
egg extracts, and we examined the effects on degradation of
radiolabeled cyclin B to monitor the activity of the APC/C. As
shown in Figures 3A and 3B, Mes1 is a much more potent inhib-
itor than Cdc13 or Cut2; 470 nM of Mes1 inhibited cyclin B
destruction, whereas the same concentration of Cdc13 or Cut2
hardly had any effect, and 14 mM (more than 25 times the con-
centration of Mes1) of those was required to inhibit cyclin prote-
olysis. This suggests that Mes1 has a higher affinity to the APC/C
than other substrates and is therefore a much better competitive
inhibitor (see also Discussion). This inhibition requires thec.
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Mutual Inhibition between APC/C and Mes1Figure 2. The D Box and KEN Box of Mes1 Are Directly Recognized by Fizzy/Cdc20
(A) Mes1 photocrosslinks to Fizzy/Cdc20. Top panel: structure of photoactivatable benzoyl phenylalanine (pBpa). Bottom panel: Mes1WT containing no Bpa
(Bpa, lanes 1–4), Y26Bpa (lanes 5–10), or F66Bpa (lanes 11–16) were incubated in XB buffer () or CSF extracts, exposed to UV light for the indicated time,
denatured in guanidine hydrochloride, recovered by Ni-NTA beads, and immunoblotted by anti-Fizzy (mAb, BA8) antibody.
(B) Same as (A) using Y26Bpa-incorporated D-box (DM), KEN-box (KM), or D-box/KEN-box mutants (DK) as well as WT. Lanes 1–4 are controls for either the
absence of CSF extracts or Bpa-incorporated Mes1 in the same reactions.
(C) Mes1 is coimmunoprecipitated with Fizzy/Cdc20 independently of APC/C. 35S-labeled in vitro-translated (IVT) Mes1WT and DK were incubated with mock-,
Fizzy/Cdc20-, or APC/C-depleted (Fzy,APC, respectively) CSF extracts. Samples were taken before (5% Input, lanes 1–7) or after Apc3 (Apc3 IP, lanes 8–13)
or Fizzy/Cdc20 (Fizzy IP, lanes 14–19) immunoprecipitations and were analyzed by immunoblotting with anti-Apc3 or anti-Fizzy, or by fluorography (35S).
(D) The WD40 domain of Fizzy/Cdc20 is sufficient to interact with Mes1. Same as (B) but using 35S-labeled IVT C-terminal Fizzy/Cdc20.
(E) A schematic diagram of Fizzy/Cdc20 mutants used in this study and summary of their Mes1 binding capabilities.D box/KEN box, since mutations in these regions completely
abolish the inhibitory function even at the highest concentration
(see Figure 3A).
Mes1 is specifically expressed in meiosis, not in mitosis. To
see if Mes1’s function for the meiotic program is also dependent
upon the destruction signals, we constructed strains whereDeeither mes1+ (WT), mes1-DM, mes1-KM, or mes1-DK had
been integrated into the mes1 locus and expressed from the
native promoter. Meiosis was zygotically induced in these cells,
and the integrity of meiosis was monitored by counting the
number of nuclei and spores. In wild-type cells (WT), approxi-
mately 90% of asci contained four nuclei, which subsequentlyvelopmental Cell 14, 446–454, March 2008 ª2008 Elsevier Inc. 449
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Mutual Inhibition between APC/C and Mes1Figure 3. The D Box and KEN Box Are Required for Mes1’s Inhibitory Function In Vitro and In Vivo
(A) Mes1 is a potent APC/C inhibitor. Destruction of Cdc13 in Xenopus egg extracts in the presence of Mes1-GST, Mes1DK-GST, Cdc13(N70)-GST,
Cdc13(N70)DM-GST, Cut2-GST, or Cut2 dDM-GST proteins. The competitor proteins were added at the indicated concentrations. Mock, only PBS added.
CaCl2 was added to all reactions.
(B) Quantification of the cyclin band intensities in the destruction assays (A).
(C) Defects in meiosis II in themes1 destruction module mutants. Wild-typemes1+,mes1-DM,mes1-KM, andmes1-DK cells were incubated on SPA at 30C for
15 hr. The number of nuclei and sporulation efficiency were measured, and the cells were also analyzed by I2 vapor staining.
(D) The D box/KEN box is required to inhibit the complete destruction of cyclin B, Cdc13 at anaphase I. Top panel: pat1-induced synchronized meiosis in
mes1WT/WT and DK/DK cells. Samples were taken every 15 min from the onset of meiosis I. Lower panel: levels of Mes1WT or DK protein in the synchronous
meiosis. Samples were analyzed by immunoblotting with anti-HA, anti-Cdc13, or anti-Cdc2 antibodies.led to four-spored asci formation. However, when cells carrying
DM or DK were led into meiosis, almost all asci contained two
nuclei without any spores being formed (Figure 3C). This is the
same as mes1-deleted cells (Dmes1), which arrest before MII,
resulting in only two nuclei per asci (Izawa et al., 2005; Shimoda
et al., 1985). The mes1-KM mutant containing an intact D box
was partially defective in MII in which approximately 40% of
asci had four nuclei, of which only 22% formed spores (see
Figure 3C). Furthermore, we investigated meiotic progression
in these mutants. Meiosis was synchronously induced by450 Developmental Cell 14, 446–454, March 2008 ª2008 Elsevier Inthermal inactivation of the Pat1 kinase in prestarved homozy-
gous (h/h) diploid cells (Figure 3D). The progression of meiosis
was monitored by counting the number of nuclei in these cells.
Diploid cells expressing Mes1WT (WT/WT) progressed through
meiosis successfully and formed four nuclei by the end of 6 hr,
whereas those cells expressing DK (DK/DK) were unable to
initiate MII and formed only two nuclei. We also examined the
levels of Mes1WT and DK proteins as well as Cdc13 and Cdc2
in these strains. As shown in Figure 3D, Mes1WT tagged with
three copies of a haemagglutinin epitope (3HA), expressedc.
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Mutual Inhibition between APC/C and Mes1from the mes1 promoter, reached its peak around 4.5–5 hr and
was degraded thereafter, whereas DK protein was stable and
remained high until 6 hr. In contrast, Cdc13 disappeared approx-
imately 30–45min earlier in cells expressing DK thanWT protein,
although DK protein was far more stable and abundant.
Ubiquitylation of Mes1 Is Required for the Metaphase-
Anaphase Transition in Meiosis I
The evidence so far suggests that an APC/C substrate, Mes1,
inhibits APC/C-dependent proteolysis in vitro and in vivo. To
examine the biological importance of ubiquitylation of Mes1 by
the APC/C, we created a nonubiquitylatable Mes1 by mutating
all lysines (Mes1K0) or all except one lysine in KEN-box
(Mes1K1) to arginine (see Figure S6). These constructs are
able to uncouple Mes1 inhibition and ubiquitylation because
they inhibit APC/C without ubiquitylation.
The mes1K0 and mes1K1 as well as WT and DK were inte-
grated into chromosome under the native mes1 promoter.
Then, we investigated their meiotic progression and destruction
of APC/C substrates during pat1-induced synchronous meiosis
(Figure 4). Intriguingly, whenMes1K0 orMes1K1was expressed,
cells arrested with one nucleus with accumulated APC/C
substrates such as cyclin B/Cdc13 and securin/Cut2, which is
in striking contrast to cells expressing WT or DK (Figures 4A
and 4B), suggesting that APC/C is completely blocked in MI by
nonubiquitylatable Mes1. Accumulated Cut2 bands were
shifted, presumably due to phosphorylation by high Cdk activity.
To ensure that these cells arrested in metaphase I, we investi-
gated their spindle morphology through this synchronization.
Judging from the appearance of MI spindle, Mes1K0-expressing
cells initiated MI slightly earlier (4 hr) than WT and DK; however,
unlike WT, which progressed from MI to MII around 5 hr, more
than 85% of cells arrested at metaphase of MI with one spindle
even at 6 hr after induction of meiosis (Figures 4C and 4D). Thus,
to initiate anaphase of MI, Mes1 has to be ubiquitylated, even
when Mes1 inhibits APC/C.
Ubiquitylation of Mes1 Regulates Disassembly
of Mes1 Inhibitory Complex
Finally, we asked whether ubiquitylation of Mes1 affected the
association with Fizzy/Cdc20 and APC/C. Both Mes1K0 and
Mes1K1 coimmunoprecipitatedwith Fizzy in a D-box-dependent
manner, confirming that the proteins are properly structured and
the D box is functional (Figure 4E, lanes 13–18). Surprisingly,
unlike WT, significant amounts of Mes1K0 and Mes1K1 were
able to bind APC/C (lanes 9 and 10, short exposure). In addition,
highly smeared bands of Mes1 (presumably ubiquitylated Mes1)
appeared only from Mes1WT, but not from Mes1K0 or Mes1K1,
when the same gel was overexposed (Figure 4E, lane 7, long
exposure). We also found that the binding of Mes1 to the APC/C
is dependent upon Fizzy/Cdc20 (Figure S7). We hypothesized
that the Mes1K0 or Mes1K1might form a stable ternary complex
with APC/C-Fizzy/Cdc20 due to a lack of ubiquitin-acceptor
sites. Consistent with this hypothesis, when ubiquitylation of
Mes1 was blocked by addition of NEM (N-ethylmaleimide),
even Mes1WT was coimmunoprecipitated with APC/C
(Figure 4F, compare lanes 7 and 8). Fizzy/Cdc20 was able to
bind WT, Mes1K0, or Mes1K1 regardless of the presence of
NEM. It is noteworthy that more APC/C was coimmunoprecipi-Detatedwith Fizzy in the presence of NEM, suggesting that a ternary
complex, APC/C-Fizzy/Cdc20-substrate, is more stable if ubiq-
uitylation is inhibited (Figure 4F, lanes 13–18). Moreover, we per-
formed a pulse-chase experiment to monitor Mes1 dissociation
from the ternary complex (Figure S8). If ubiquitylation of Mes1
was inhibited, the rate of Mes1 dissociation was significantly
reduced, indicating the importance of ubiquitylation for the dis-
assembly of the Mes1 inhibitory complex. All together, these
results suggest that Mes1 initially interacts with free Fizzy/
Cdc20 to inhibit APC/C, and then is recruited to the APC/C via
Fizzy/Cdc20 for ubiquitylation, which in turn liberates APC/C
and Fizzy/Cdc20 from Mes1 inhibition.
DISCUSSION
This study provides new insights into the regulation of the APC/
C. First, we have shown that a true APC/C substrate regulates
the activity of the APC/C. Cells might precisely control protein
levels of each or a subset of APC/C substrate to fine-tune the
APC/C itself. The D box and the KEN box of Mes1 are directly
recognized by the WD40 domain of Fizzy/Cdc20, not the APC/
C. This binding is in agreement with the recent finding that the
WD40 repeat domain of Cdh1 interacts with cyclin B D-box
peptides (Kraft et al., 2005). Notably, the interaction between
Fizzy/Cdc20 and Mes1 is also vital for Mes1 inhibitory function
toward the APC/C. Second, unlike pseudo-substrates such as
Emi1(Miller et al., 2006) or Mad3 (Burton and Solomon, 2007),
Mes1 is efficiently ubiquitylated, and the Mes1 ubiquitylation
regulates Mes1 inhibitory function, thereby allowing autoregula-
tion of the APC/C; Mes1 transcripts and protein levels peak in
late MI (Izawa et al., 2005; Mata et al., 2002) when Mes1 seques-
ters the Fizzy family of proteins to inhibit APC/C, in turn slowing
down cyclin B proteolysis (‘‘APC/C inhibited’’ in Figure 4G). At
the same time, Mes1 is inhibited through ubiquitylation by
APC/C to allow partial APC/C activation required for anaphase
I onset. This mechanism is clearly different from other known
APC/C inhibitors such as Emi1 (Reimann et al., 2001) or SAC
(Yu, 2002), which efficiently inhibit APC/C without being ubiqui-
tylated (see Figure S9) (Morgan, 2007; Peters, 2006; Thornton
and Toczyski, 2006). Third, we have successfully observed
a ternary complex, APC/C-Fizzy/Cdc20-substrate (Mes1), under
physiological conditions. Intriguingly, its stability seems to be
regulated by substrate ubiquitylation (Figures 4E and 4F and
Figure S8). Moreover, we have recently measured the dissocia-
tion rate constants (Kd) between Mes1 and Fizzy-related/Cdh1
using surface plasmon resonance (note that we used Fizzy-
related/Cdh1 since we were unable to obtain sufficient Fizzy/
Cdc20 for these binding assays). Preliminary data gave a Kd of
9.9 3 105 [1/s], which is more than 50-fold slower than that of
the canonical substrate cyclin B and Fizzy-related/Cdh1. This
high affinity seems to be essential for Mes1 to function as a
potent APC/C inhibitor. Also, the role of Mes1 ubiquitylation
might be underscored by this strong interaction, as the ubiquity-
lation presumably turns off Mes1 inhibition. This relationship with
APC/C-Fizzy/Cdc20 seems to be quite different from other APC/
C substrates such as cyclin B/Cdc13.We have previously shown
that Cdc13 could directly bind mitotic APC/C in the absence of
Fizzy/Cdc20 (Yamano et al., 2004), although selective and
productive binding to the substrate is apparently achieved byvelopmental Cell 14, 446–454, March 2008 ª2008 Elsevier Inc. 451
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Mutual Inhibition between APC/C and Mes1Figure 4. The Role of Ubiquitylation of Mes1 in Meiotic Progression
(A) Nonubiquitylatable Mes1 blocks meiotic progression at metaphase I. Samples from pat1-induced synchronized meiosis in mes1WT/WT, DK/DK, K0/K0, or
K1/K cells were taken every 15 min from the onset of meiosis I, and they were examined microscopically for the number of nuclei in a cell to monitor progression
through meiosis.
(B) Samples from (A) were analyzed by immunoblotting with anti-Cdc13, anti-Cut2, or anti-Cdc2 antibodies.
(C) Same as (A), but cellular phenotypes were determined by staining with anti-tubulin and DAPI.
(D) mes1K0/K0 cells at 6 hr after pat1-induced synchronized meiosis were stained by anti-tubulin. The scale bar represents 10 mm.452 Developmental Cell 14, 446–454, March 2008 ª2008 Elsevier Inc.
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Mutual Inhibition between APC/C and Mes1the presence of Fizzy/Cdc20 (Eytan et al., 2006; Passmore and
Barford, 2005). It is, therefore, tempting to speculate that roles
of substrates and/or timing of their destruction determine the
mode of their recognition by the APC/C-Fizzy/Cdc20.
Given that APC/C inhibition in the MI/MII transition has been
reported in both yeast (Izawa et al., 2005) and higher eukaryotes
such as Xenopus (Ohe et al., 2007) and mouse (Madgwick et al.,
2006), it is likely that specific endogenous inhibitors are
conserved. Mes1might be ameiotic form of Emi1/Erp1 (Morgan,
2007; Peters, 2006; Reimann et al., 2001; Thornton and Toczy-
ski, 2006) in the lower eukaryote, fission yeast; however, Mes1
is a very short protein and has little sequence similarity to
Emi1/Erp1. Mes1-like inhibitors may have derived from APC/C
substrates evolving specialist roles, in order to achieve the semi-
permanent arrest at a particular meiotic stage, e.g., CSF-arrest
in Xenopus oocyte. They might even, like Emi1/Erp1, acquire
domains to escape from APC/C-dependent ubiquitylation (e.g.,
zinc-binding region) and instead be regulated by the SCF ubiqui-
tin ligase (Margottin-Goguet et al., 2003; Miller et al., 2006; Rauh
et al., 2005). Since fission yeast has three meiosis-specific APC/
C activators, Mes1 activitymay be regulated by different forms of
APC/C associated with different activators. It is also possible
that Mes1 may have posttranslational modifications during
meiosis to control its inhibitory activity. These are obviously
important topics for future investigation to understand the
complex mechanism to achieve the unique developmental
program, meiosis.
EXPERIMENTAL PROCEDURES
Yeast Genetics and Molecular Biology
Methods of handling Schizosaccharomyces pombewere described previously
(Moreno et al., 1991). To induce zygotic meiosis, homothallic h90 cells with
mes1 mutations were grown in the synthetic liquid media (MM) to mid-log
phase, washed four times with MM-N, and then spotted onto sporulation
media (SPA) at 30C for 15 hr. To induce synchronous meiosis, homozygous
diploid (h/h) cells were grown in MM medium to mid log-phase, washed
with MM-N, and grown in the MM-N at 25C for 15 hr. Then, the culture was
shifted to 34C to meiosis. Cells were collected every 15 min and analyzed
by microscopy and immunoblotting.
Xenopus Egg Extracts
Xenopus CSF egg extracts were prepared as described (Murray et al., 1989).
Binding assays and immunodepletion experiments were performed as
described previously (Hayes et al., 2006).
Destruction Assay and Ubiquitylation Assay
Cyclin destruction assays were performed as described previously (Yamano
et al., 1996). Substrates were labeled with [35S]methionine plus cysteine
(Promix; GE Healthcare, UK) in a coupled in vitro transcription-translation
system (Promega). For ubiquitylation assays, active APC/C was immunopre-
cipitated from HeLa nuclear extracts using monoclonal anti-CDC27 antibodyDe(mAB, AF3.1) immobilized on Dynabeads Protein A (Invitrogen). Reactions
were performed at 37C in 10 ml of buffer (10 mM HEPES [pH 7.8], 100 mM
KCl, 5mM MgCl2, 0.5 mM DTT) containing 0.8 mg of each UbcH10 and
UbcH5, 12 mg of ubiquitin, 2 mM ATP, 7.5 mM creatine phosphate, 1 U of
creatine kinase, 0.2 mg of ubiquitin-aldehyde, 2 mM ALLN, 1 ml of 35S-labeled
substrate, 1 ml of Cdh1, and 4 ml of APC/C beads. E1 activity was provided
by the reticulocyte lysate. Reactions were stopped at the indicated time points
with SDS sample buffer, and mixtures were resolved by SDS-PAGE.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures and nine
additional figures and can be found with this article online at http://www.
developmentalcell.com/cgi/content/full/14/3/446/DC1/.
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